In conditions of long-lasting moderate drought stress, we have studied the photoprotective responses in leaves of wheat (Triticum aestivum L., cv. Katya) related to the photosynthetic electron and proton transport. The dark-interval relaxation kinetics of electrochromic bandshift (ECS) indicated a decrease of electric and an increase of osmotic component of the proton motive force in drought stressed leaves, but neither the total proton motive force (pmf) nor the thylakoid proton conductance (gH + ) were affected.
Introduction
Water deficiency causes multiple negative effects and triggers the complex of responses at different levels. The main direct effects of drought are associated with the decrease of CO 2 supply for carboxylation caused by stomatal and mesophyll limitation [1] [2] [3] , associated with a decrease in energetic efficiency due to up-regulation of photorespiration [4] , or with direct negative non-stomatal effects on metabolic pathways [5, 6] . Moreover, the oxidative stress can seriously affect the leaf's photosynthetic machinery, mostly as a result of the interaction between drought and excessive light or under multiple stress conditions [7, 8] .
The photosynthetic machinery disposes with the flexibility thanks to the existence of different ''safety valves'' and mechanisms allowing to dissipate the excess of excitation energy and to ensure the output ratio of ATP/NADPH that matches the demands of plant metabolism [9, 10] . The central process in higher plants is non-photochemical quenching, by which the excess light energy is harmlessly dissipated as heat [11] . Non-photochemical quenching is induced by a low thylakoid lumen pH and a high DpH that are generated by photosynthetic electron transport, especially under excess light conditions. The low pH of thylakoid lumen activates qE by protonating the protein PsbS [12] and by activating violaxanthin deepoxidase, which converts violaxanthin to antheraxanthin and zeaxanthin in the xanthophyll cycle [13] . There is also evidence for dissipation of excess energy in the reaction center of PSII [14] . Energy from linear electron flow can be in part redirected to photorespiration [15] or the water-water cycle [16] , which also contribute to transthylakoid DpH, as they keep the linear electron transport relatively high; this can be particularly important in drought stress [17] . Anyway, the proton circuit of photosynthesis can be modulated also, by the activity of cyclic electron flow around photosystem I, which can be up-regulated in stress conditions [18] [19] [20] . The process was shown to be essential as it contributes to photoprotection and balancing ATP/NADPH production ratio [21] . Although the contribution of cyclic electron transport (CET) to the buildup of transthylakoid DpH and ATP synthesis has been questioned by some authors [22] , the protective effects of PSI cyclic electron pathway was clearly documented [23] .
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In this paper, we will try to contribute with our data on the responses measured at the level of electron and proton transfer in thylakoids in wheat leaves. In addition to decrease in electron transport rate, there are many studies showing the specific stress effects on electron transport processes based on chlorophyll fluorescence records, such as an increase of PSII heterogeneity associated with accumulation of Q B non-reducing PSII reaction centers [24] [25] [26] and enhancing alternative electron pathways [27] . Moreover, the molecular studies indicated also decrease in expression and activity of ATP synthase [5, 28] , cyt b6/f [28] or other functional proteins [29] . Here, we have applied the combination of in vivo analyses of proton transfer using measurements electrochromic bandshift (ECS), together with analyses of slow and fast chlorophyll fluorescence and P700 kinetics, associated mainly with the electron transport related processes. Each of these particular signals is rich in information, and by combining together, they illustrate the interplay of individual photosynthetic responses and pathways, well balanced to protect the sensitive sites of the photosynthetic apparatus in conditions of long-term drought stress. More specifically, we will demonstrate the major role of enhanced PSI cyclic electron flow in the regulation of linear electron transport to reduce the over-reduction of PSI acceptor side, and thus reduce the risk of oxidative stress in chloroplasts.
Material and methods

Cultivation of plants
Plants of winter wheat (Triticum aestivum L.), cv. Katya were grown individually in pots (0.5 l) with the standard peat substrate. The pots were regularly irrigated and occasionally fertilized using liquid fertilizer with micronutrients. The cultivation and experiment were carried out in a growth chamber with artificial light provided by fluorescent tubes (Osram Fluora) with maxima in red and blue spectral region (the incident PAR at leaf level $ 200 lmol photons m À2 s
À1
, photoperiod 14 h light/10 h dark, temperature 19-24°C).
Drought stress treatment and measuring protocol
Drought stress was induced after the last leaf appeared. All pots were weighted daily, and water was supplied to 70% of soil water capacity in control plants and 20% of soil water capacity in stressed plants. Measurements were taken from the leaves of droughtstressed plants (hereinafter referred as ''Drought'') on the 10th to 14th day. All measurements were taken from the last leaf (the flag leaf on the wheat main stem). The simultaneous measurements of CO 2 assimilation with chlorophyll fluorescence (ChlF), simultaneous measurements of P700 and ChlF and in some samples also measurements of electrochromic bandshift were performed on the same leaf. Between the different measurements, the plants were exposed to ambient light for at least half an hour to eliminate the effect of previous measurements. The same leaf was then used for determination of the water status.
Measurements of the leaf water status
Water status in wheat flag leaf was measured both as the relative water content (RWC) by gravimetric method and as the leaf water potential (WP) by the psychrometric method using microvoltmeter Psypro with chamber C-52 (Wescor, USA), as described elsewhere [27] .
Simultaneous measurements of gas exchange and chlorophyll fluorescence
The measurements were carried out using a Licor 6400 gasometer (Licor, USA) with simultaneous measurement of ChlF. After dark adaptation (20 min in the dark box and 3 min in measuring head) the F 0 and F m values were determined, and the actinic light provided by LED light unit (1000 lmol photons m À2 s À1 ) was switched on, at leaf temperature 20°C, reference CO 2 content 380 ppm, and ambient air humidity. Every 2 min, the gas exchange rate was measured, followed by saturation pulse and far-red pulse for F 0 0 determination. The values recorded after the steady state was reached are presented here (after at least 30 min of illumination in measuring head). The values of gas exchange parameters (CO 2 assimilation rate -A CO2 ; stomatal conductance -g s ; internal CO 2 concentrationc i ) were calculated directly by the software of gas analyzer; the calculation ChlF parameters will be described below.
Simultaneous measurements of P700 redox state and chlorophyll fluorescence
The state of PSI and PSII photochemistry was measured with a Dual PAM-100 (Walz, Germany) with a ChlF unit and P700 dual wavelength (830/875 nm) unit, as described by Klughammer and Schreiber [30] . Saturation pulses (10,000 lmol photons m À2 s
À1
), intended primarily for the determination of ChlF parameters were used also for the assessment of P700 parameters. Prior the measurements, the analyzed plants were exposed to ambient light in a growth chamber for at least 30 min; immediately before the measurements, plants were dark adapted for 20 min in a dark box, and for app. 2 min in the measuring head. 
For the calculation of P700 parameters, the following basic values were used: P -P700 absorbance at given light intensity; P m , P 0 m -maximum P700 signal measured using saturation light pulse following after short far-red pre-illumination in darkor light-adapted state. The P700 parameters were calculated as follows [30] : effective quantum yield (efficiency) of PS I photochemistry at given PAR, U PSI = (P 0 m À P)/P m ; electron transport rate at PSI (calculated assuming the equal distribution of light energy between PSI and PSII and the leaf absorbance 0.84), ETR PSI = 0.84 Â 0.5 Â PAR Â U PSI ; oxidation status of PSI donor side, i.e. the fraction of P700 that is oxidized at given state, P700 + /P700 total = U ND = P/P m ; reduction status of PSI acceptor side, i.e. the fraction of overall P700 that is oxidized in a given state by saturation pulse due to a lack of electron acceptors, U NA = (P m À P 0 m )/P m . During all measurements, ChlF and P700 kinetics was recorded (each 30 ms; during saturation pulses each 0.3 ms).
Measurements of electrochromic bandshift
Measurements of absorbance changes denoted as electrochromic bandshift (ECS) were performed with an LED-based spectrophotometer (JTS 10, Biologic, France) following Joliot and Joliot [33] . For calculation of ECS parameters, the data obtained by subtracting the signal measured at 546 nm from those measured at 520 nm, i.e. the I 520 -I 546 values were used, which allows deconvoluting the ECS signal from absorption changes associated with redox changes related to electron flow, e.g. the cytochrome b6f complex [33] . Measuring flashes were provided by a white LED filtered at 520 or 546 nm. The time resolution of the instrument was 10 ls. Although the contribution of zeaxanthin formation was not deconvoluted, we tried to avoid the massive formation of zeaxanthin during DIRK ECS records by previous exposition of plants at light exceeding the ambient level (at least 2 h prior measurements at $300 lmol photons m À2 s
À1
), analogically to the approach suggested in the recent methodical paper of Klughammer et al. [34] . The leaf was inserted into the leaf holder, and the red light (630 nm) was applied for 15 min prior the measurements of ECS decay to reach the steady state. The red light intensities used in these experiments were (35, ). After 15 min at given light intensities, the ECS decay was measured at 520 nm by switching off the actinic light for 30 s, then the light was immediately switched on again for 3 min and the ECS decay at the same sample was measured at 546 nm. Before applying another light intensity, the plant was pre-illuminated by the artificial white light with intensity $300 lmol photons m À2 s
for at least 30 min. The measurements at the next (higher) light level was done at the same place of the leaf. The analysis of ECS decay (DIRK ECS ) was done by the method of Sacksteder and Kramer [35] , which enables to estimate the processes related to proton transport and ATP synthesis [35, 36] . Details of the protocol and derived ECS parameters are presented further in Section 3.
Data processing and analysis
The measurements of gas exchange, ChlF and P700 were analyzed from 6 repeated measurements in non-stressed (Control) and 10 repetitions in drought-stressed (Stress) samples. The measurements of ECS decay and analyses of P700 kinetics were done in 3 repetitions. The differences between sun and shade-grown leaves as well as effect of high light treatment on leaves differing in light acclimation were analyzed by Analysis of Variance (ANOVA) using software Statistica 9 (Statsoft, USA) for each parameter. Once a significant difference was detected, post hoc Duncan's multiple range tests at P < 0.05 was used to identify the statistically significant differences. Results in graphs and tables are presented as the mean value ± standard error.
Results and discussion
Simultaneous measurements of gas exchange and chlorophyll fluorescence
The prolonged limited water supply led to decrease of leaf water content as well as photosynthetic parameters ( Table 1 ). The decrease of CO 2 assimilation rate was mainly due to stomatal limitation (as indicated by low g s and c i ) and probably also due to mesophyll limitation [3] , not analyzed here. The decrease in an apparent electron transport rate calculated from simultaneously recorded ChlF ($35%) was much lower than in CO 2 assimilation ($65%) pointing to the utilization of electrons in photorespiration or by other alternative electron sinks. However, as we have shown previously, the precision of an estimate of ETR can be affected by drought-induced changes in the distribution of energy between PSII and PSI [27] . The minor changes in F v /F m are in line with the evidence on resistance of PSII photochemistry against the moderate drought [37] .
Light response curves of chlorophyll fluorescence and P700 parameters
The drought-induced changes of electron transport related processes were assessed also through the light responses of the ChlF or P700 parameters (Fig. 1) .
As expected, in drought stressed leaves we have observed a steeper increase of non-photochemical quenching, but the maxima of NPQ were similar in control and drought-stressed samples. The saturation pulse method enables also the estimation of redox poises of PSII acceptor side [38] as well as PSI donor and acceptor side [28] . The trend of accumulation of Q À A (reduction of PSII acceptor side) and P700 + (oxidation of PSI donor side) was very similar ( Fig. 1D and E) , inverse to the trend of accumulation of reduced PSI electron acceptors (Fig. 1F ). This might seem surprising, since the drought stress causes a decrease in demand for NADPH due to decrease in carboxylation rate, resulting in lower demand for electrons at PSI acceptor side. However, the accumulation of reducing power at PSI electron acceptor side leads to excessive production of reactive oxygen species causing oxidative damage at the molecular level [8] . Thus, the preventing of PSI acceptor side overreduction is probably crucial for maintaining the redox homeostasis, and it have to be ensured through an efficient redox signaling and regulation [39] . In our experiment, we found very quick decrease of reduction level at the PSI acceptor side; moreover, the acceptor side limitation at high light intensities was kept at lower level than in control plants.
The more or less symmetrical accumulation of redox poises of PSII acceptor side and PSI donor side ( Fig. 2A) indicates that the rate limiting step of the electron transport is between PSII and PSI. It supports the role of the cytochrome b6/f in regulation of electron transport.
It was previously shown that the cytochrome b6/f is down-regulated by low pH in lumen of thylakoids [40] . The differences in values of DpH between control and drought-stressed plants results indirectly from trend of initial NPQ rise. The correlation of PSII or PSI electron transport rate with NPQ (from an initial part of rapid light curve) indicates that the similar increase of electron transport leads to substantially different increase of NPQ. In moderate light intensities, the increase of energy dissipation is caused mainly by the DpH-dependent component (qE) of non-photochemical quenching [41] . Thus, we may assume that the excessive increases of NPQ, P700 + and Q À A level, which we have observed in drought stressed plants, represent the side effect of thylakoid lumen acidification in order to regulate the redox poise of PSI acceptor side through down-regulation of linear electron transport (LET). ⁄ Mean values ± standard errors from 6-10 measurements; different letters in superscript (a, b) within a row indicate statistically significant differences (Duncan's multiple range tests at P < 0.05).
The effect of drought stress on photosynthetic proton transport
The buildup of transthylakoid DpH is associated with the proton transfer that is tightly coupled with photosynthetic electron transport [42] . The measurements of electrochromic bandshift (ECS, P515) represent the non-invasive way to estimate the processes related to H + transport through the thylakoid membranes [43] .
A typical DIRK ECS kinetics recorded at the high light intensity is shown at Fig. 3 , indicating the similar proton motive force in Control and Drought leaves, but different partitioning between osmotic (DpH pmf ) and electric (DW pmf ) components of pmf [35, 44] .
The results of light response measurements of DIRK ECS are shown in Fig. 4 . While the total pmf was found similar in Control and Drought plants at all actinic light levels (Fig. 4A) , the portion of electric component DW/pmf was decreasing more in droughtstressed plants, reaching an almost zero value at the high light intensity (Fig. 4B) .
Therefore, the amplitude of osmotic component (DpH pmf ) was gradually increasing in Drought, whereas the increase of osmotic component was much slower in Control plants (Fig. 4C) .
The proton motive force at the thylakoid membrane plays important roles in photosynthetic machinery [9] . Both the electric (DW pmf ) and osmotic (DpH pmf ) components of pmf contribute to ATP synthesis in chloroplastic ATP synthetase, and they are considered thermodynamically equivalent [42, 45] . Anyway, the buildup of DpH pmf component is associated with acidification of thylakoid lumen thereby creating conditions for initiating the The fraction of overall P700 that is oxidized in a given state (i.e. P700 + /P700 total) estimated from P700 records, representing the quantum yield of the PSI non-photochemical quenching caused by the donor-side limitation (U ND ). (F) The fraction of overall P700 that cannot be oxidized in a given state due to reduced PSI electron acceptors, i.e. the quantum yield of the PSI non-photochemical quenching caused by the acceptor-side limitation (U NA ). The rapid light curves were obtained after previous induction at moderate light; the duration of each interval with a given light intensity was 30 s (see Section 2 for details). The average values ± standard errors from 6 to 10 plants are presented. energy-dependent non-photochemical quenching (qE), dissipating the excess of light energy as heat [41] and down-regulation of the photosynthetic electron transport through cytochrome b6/f complex [40, 46] . The differential partitioning of pmf into DpH and DW was proposed as a mechanism for the fine-tuning photosynthetic regulation. In this respect, under optimal conditions, the dominant DW pmf is present, by which the sufficient pmf for ATP synthesis is achieved without down-regulation of electron transport due to overacidification of thylakoid lumen. In contrast, under environmental stress the photoprotection is achieved by the storing pmf predominantly as DpH pmf [47] . The full mechanism of DW pmf regulation is not clear; the most recently an important role of polyamines was documented [48] . Although the presence of steady-state DW pmf component was have been recently questioned by Johnson and Ruban [49] , their results are, however, also challenged as their measurements were realized in conditions suitable for the presence of dominant DpH pmf component [34] . The analysis of fast ECS decay (Fig. 4D ) indicated no significant differences in values of thylakoid proton conductance (gH + ); this is not in accordance with findings Kohzuma et al. [28] who observed a substantial decrease of gH + during drought stress. It may be caused by differences in responses between plant species or lower severity of drought stress, as in some samples more severely or longer affected by drought we have observed a decrease in gH + (not shown here). Our results also suggest the stress-induced changes in partitioning between DpH pmf and DW pmf , with the maintenance of DW pmf in non-stressed leaves even in high light (ensuring high pmf at lower DpH pmf ) in contrast to dominant DpH pmf in drought-stressed leaves at high light intensities. This corresponds with our observations from DUAL-PAM measurements ( Figs. 1 and 2 ), indicating strong DpH-dependent increase of NPQ and down-regulation of LET between PSII and PSI.
The effects of drought stress on PSII cyclic electron transport
The proton motive force can be built by activity of LET; anyway, as there is much higher LET in control plants, we can expect there also higher DpH pmf . Therefore, we would expect an important contribution of cyclic electron transport (CET) in drought-stressed plants, as it was previously reported in numerous studies [18, 27, 28, 50] . A reliable estimation of the rate of CET in PSI is problematic; the estimation from quantum yields of PSII and PSI photochemistry is rather tricky as it needs exact information on the distribution of light energy between PSII and PSI, which can be altered due to drought stress [27] . Therefore, we have adapted the approach of Joliot and Joliot [51] who estimated the fraction of P700 engaged in the cyclic flow from the number of PSI turnovers occurring under far-red illumination. Occurrence of CET induces multiple turnovers of PSI, leading to a slowdown of P700 oxidation. Therefore, the probability that an electron generated on the PSI acceptor side will be transferred to the linear pathway during the dark to light transition is proportional to the rate of P700 oxidation. In turn, the area above the P700 kinetic can be used for the relative amount of electrons (number of turnovers) recycled toward the intersystem chain and P700 + under FR light [52] , hence, the increase of the area above the P700 kinetic curve is proportional to the fraction of P700 engaged in CET. For this purpose, we have analyzed the P700 kinetics of far-red pulses applied originally for ChlF F 0 0 determination. It is evident that the P700 increase in drought stressed samples was slower than in control plants (Fig. 5A) ; hence the area above the curve (AREA P700 , i.e. area between the curve and maximum P700 value) was larger in Drought than in Control. The plot of average values of AREA P700 (Fig. 5B) indicates the higher values in Drought compared to Control at each light level. The curves were similar, with the steep initial increase and the slower increase at higher light intensities. The initial part seems very similar to the trend of the ratio between PSI and PSII quantum yields (U PSI /U PSII , small insertion in Fig. 5C ), which can also estimate well the trend of increase of CET in conditions of low to moderate light intensities, but not in high light [27] . The first steep increase of AREA P700 can be attributed to the early increase of CET rate needed to buildup the DpH pmf . We assume that the next small decrease of AREA P700 was due to short light intervals, not sufficient to get a steady state (it became indistinct when the longer time of light intervals was used; not shown here). The second phase of the area can be ascribed to further high light-induced increase of CET rate, which was previously shown as a dissipative mechanism at PSI, probably not necessary to produce pmf [22] .
The interesting issue is also the constant gap between the AREA P700 curves in Control and Stress leaves. The first possible interpretation is that there is a fraction of PSI in drought stressed plants that are not available for LET and can run the CET only. This is in accordance with the paper of Joliot and Joliot [33] , who suggested that the cyclic and linear electron chains are structurally isolated one from other by operating the cyclic pathway within a supercomplex including PSI, cyt b6/f, plastocyanin and ferredoxin. Supercomplexes can be dissociated, thus increasing the fraction of PSI involved in the linear pathway. The regulation of the CET through formation of supercomplexes was also confirmed by others [53, 54] . The presence of the larger fraction of PSI not available for LET in drought-stressed leaves is documented also by differences in ratio U PSI /U PSII in control and drought-stressed samples (small insertion in Fig. 5C ), evident even in very low light intensities of actinic light. However, values of quantum yields could be influenced by the distribution of light energy between PSII and PSI (probable reasons why U PSI values in low light in were below U PSII ) as well as by presence of alternative electron sinks [27] ; therefore the U PSI /U PSII ratio represents only rough estimate of CET useful only in low to moderate light intensities. The second observation that indirectly supports the idea is the steep increase of NPQ at a relatively low light, when the LET in drought-stressed plants is not strongly limited (Fig. 2B) , which must be associated with steep increase of DpH. An increase of DpH can be can be associated also with the up-regulation of water-water cycle, which utilizes electrons from the LET [55] . Anyway, the relationship between the U PSI /U PSII ratio and NPQ (Fig. 2B) indicates, that the steep NPQ rise (and DpH buildup) is associated with an increase of CET. This confirms in specific conditions of drought stress the results published previously by Joliot and Johnson [23] , who indicated the essential role of CET in regulation of LET through regulation DpH. It was previously suggested that PGR5 (and probably also PGR1) protein may be involved in feedback regulation of photosynthetic electron flow by plastid redox poising, thus enabling the shifting from LET to CET [53, 56] . In this respect, our results support this theory, but they are not in line with the theory of Avenson et al. [47] , who suggested that the regulation of CET goes through modulated proton conductivity of the thylakoid membrane (conductivity of ATP-synthetase) that could affect the proton motive force and NPQ; we have, anyway, observed only negligible decrease of gH + caused by moderate drought stress in our experiment (Fig. 4) . However, it is probable that in more severe drought stress the proton transport, the product of the proton motive force and proton conductivity [35] , will decrease much more than in our case. As the DpH component of pmf is needed to regulate LET and non-photochemical quenching, the decrease of proton conductivity necessarily occurs when the stomata are completely closed, as it was documented by Kohzuma et al. [28] .
It is interesting that an initial increase of U PSI /U PSII at low light intensities in Control plants was not associated with an increase of NPQ (Fig. 2B ). It suggests that there is some threshold level of CET rate needed to trigger NPQ. In stress plants, there was the rate of CET sufficient to trigger NPQ rise even at low light intensities; this was not the case in Control plants. This supports the idea that in drought-stressed leaves, there is a larger fraction of PSI that cannot be involved in LET, and they run the cyclic electron pathway around the PSI. This can well explain the slower accumulation of oxidized P700 + even in low light. On the other hand, the slower rise of P700 + in drought stressed plants can be caused also by decrease of PSI content or increase of the pool of the P700 donors. The possible difference in PSI to PSII ratio between control and drought stressed plants can raise the question of possible inaccuracy in the estimation of chlorophyll fluorescence parameters due to different levels of PSI fluorescence. Although the most recent in silico study of Lazar [57] has documented some contribution of PSI fluorescence to variable fluorescence, there is a generally accepted knowledge on the a constant level of PSI fluorescence during the fluorescence record [58, 59] . It was documented that F 0 level usually contains app. 20-30% of PSI fluorescence in C 3 plants [31, 60] . While some parameters (e.g. qP) are insensitive to the contribution of PSI fluorescence, omission of PSI fluorescence leads to the improper estimation of some key parameters, e.g. to underestimation of PSII quantum yield [60] . This can lead to some inaccuracy if we compare the quantum yield of two samples differing in contribution of PSI fluorescence. Moreover, incorrect U PSII value would lead to incorrect U PSI /U PSII ratio, making this parameter potentially unreliable for comparison of cyclic electron flow. Therefore, the approach based on a combination of several independent techniques in assessment of electron and proton transport as applied in our study is much more suitable than a simple application of chlorophyll fluorescence.
Effects of drought stress analyzed by simultaneously recorded fast ChlF and P700 kinetics
We have analyzed also the fast chlorophyll and P700 kinetics recorded at high frequency in dark adapted samples using strong red saturation pulse to uncover more the drought induced changes in photosyntheticelectron transport (Fig. 6) .
The fast ChlF kinetics being rich in information about the PSII photochemical activity and regulation [61] , was previously shown to be sensitive to environmental effects [62, 63] , including drought stress [64] [65] [66] . The plot of variable fluorescence shows the clear difference in I-P amplitude. The decrease of IP-amplitude is typical for drought stress [67] ; however, in some species it occurs only at severe drought stress [68] and it disappears after rehydration [69] . Although the full interpretation of J-I-P kinetics is rather complicated [70, 71] , the IP amplitude was suggested to be a measure of relative abundance of PSI with respect to PSII [72, 73] , and its decrease was previously ascribed to decrease of PSI content in leaves [67, 74] . In our experiment (Fig. 6) , the difference in IP-amplitude was associated with the faster rise of chlorophyll fluorescence and slower P700 re-reduction by the electrons from PSII (decrease of P700 curve) in time app. 2-30 ms (J-I-phase), following after previous oxidation of P700 (initial increase of P700 curve). The faster J-I rise in ChlF transient supports the idea of reduced PSI content, but the surprisingly symmetrical response at PSII and PSI (increase in Q À A accumulation balanced with the slow-down of P700 + re-reduction) argued against this possibility, as reduced number of PSI is expected to be re-reduced faster (or by the same rate), not slower. The more probable was an increase of limitation of electron transport between PII and PSI (''the bottleneck effect''), which can be due to decrease in content of electron key electron transport components [75] . A possible explanation is the decrease in cyt b6/f content in chloroplasts, which was previously observed in severely drought stressed plants [28] . The decrease of cyt b6/f might not be responsible for all the dynamic changes that we have observed in drought stressed plants (described above); anyway, it could contribute to down-regulation of the linear electron transport in plants exposed to the prolonged drought stress. The alternative hypothesis presupposes the existence of an increased fraction of PSI reaction centers not available for LET. Thus, the steep increase of ChlF in J-I phase would be caused both by an increase in the ratio of cooperating PSII/PSI and by the absence of some cyt b6/f and plastocyanin (PC), which could also become unavailable for linear electron transport due to their fixation in supercomplexes containing the PSI centers running CET only [33] . Reduced number of cyt b6/f (or PC) involved in LET might result to the '' bottleneck effect'' in electron transport between PSII and PSI, providing a satisfactory justification for the parallel increase of the rate of reduced Q À A accumulation and the decrease of the rate of P700 re-reduction. Reaction centers being in CETmode do not contribute to P700 + changes in the first second of excitation [76] , so the direct effect of CET on the fast P700 kinetics between 2 and 30 ms is probably negligible. Against this hypothesis is the evidence published by Joly et al. [77] that differences in activity of CET in photosynthetic mutants had no obvious effect on the shape of fluorescence induction. In this respect, the decrease of the total leaf cyt b6/f content seems to be more probable; however, we believe that our hypothesis on contribution of decrease of cyt b6/f availability for LET due to the formation of supercomplexes with PSI is still worth to be further examined.
Conclusions
The long-lasting moderate drought stress enhanced the photoprotective responses. The analysis of electrochromic bandshift indicated decrease of electric and increase of osmotic component of the proton motive force in drought stressed leaves, but neither the total proton motive force (pmf) nor the thylakoid proton conductance (gH + ) were affected by the water shortage in our experiment. Evidently, the primary target of photoprotection was the PSI acceptor side, which was efficiently protected against overreduction. This was achieved by the rapid buildup of transthylakoid DpH, leading to down-regulation of linear electron transport at cyt b6/f, the excessive increase of NPQ and the steep increase of the redox poise at PSII acceptor side and PSI donor side, even in relatively low light intensities. We suggest that the early photoprotective responses in drought-stressed leaves were due to an enhanced fraction of PSI not involved in linear electron flow. Although we indicated the activity of cyclic electron transport (CET) in activating of photoprotective responses even in non-stressed plants, the presence of the permanent fraction of PSI running only the CET in drought stress plants enabled running the cyclic electron pathway even in relatively low light intensities; it contributed also to a higher rate of CET at moderate and high light compared to non-stressed plants. In addition, we consider that decrease in cyt b6/f content and/or its availability to the linear electron transport due to formation of supercomplexes at the thylakoid membrane could be the main cause of the steeper rise of ChF between 2 and 30 ms (J-I-phase) associated with a decrease of IP-amplitude in fast chlorophyll fluorescence kinetics in analyzed drought-stressed samples. 
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